We investigated the ab-plane optical properties of single crystals of WTe 2 for light polarized parallel and perpendicular to the W-chain axis over a broad range of frequency and temperature. At far-infrared frequencies, we observed a striking dependence of the reflectance edge on light polarization, corresponding to anisotropy of the carrier effective masses. We quantitatively studied the temperature dependence of the plasma frequency, revealing a modest increase of the effective mass anisotropy in the ab plane upon cooling. We also found strongly anisotropic interband transitions persisting to high photon energies. These results were analyzed by comparison with ab initio calculations. The calculated and measured plasma frequencies agree to within 10% for both polarizations, while the calculated interband conductivity shows excellent agreement with experiment.
I. INTRODUCTION
Tungsten ditelluride (WTe 2 ) is a semimetallic transitionmetal dichalcogenide which exhibits extreme magnetoresistance resulting from the nearly perfect compensation between electron and hole populations, along with its extraordinarily high mobility [1] [2] [3] [4] [5] [6] [7] . Recent theoretical predictions [8] and experimental measurements [9] [10] [11] [12] [13] suggest that it may be a type-II Weyl semimetal with tilted Weyl cones residing above the Fermi energy, though the topology is not yet firmly established [14] . Its orthorhombic crystal structure comprises planes of distorted triangular lattices of tungsten atoms sandwiched by tellurium atoms. The distortion of the triangular lattices generates quasi-one-dimensional chains of tungsten atoms, leading to strongly anisotropic electronic properties [15] [16] [17] . Optical measurements provide a powerful tool to investigate electronic structure which complements photoemission and tunneling measurements due to its sensitivity to the role of electronic interactions in solids [18] [19] [20] . In a previous optical study [21] , only the average in-plane electrodynamic response was measured, resulting in limited access to the underlying electronic structure. Here, we report anisotropic electrodynamics in WTe 2 observed by measuring the reflection of polarized light from single-crystal samples.
II. SAMPLES AND EXPERIMENT
Single crystals of WTe 2 were synthesized using the flux growth method [3] . We performed near-normal incidence reflectance measurements using Fourier transform infrared spectroscopy for light frequencies 100-8000 cm −1 , which we supplemented with variable-angle spectroscopic ellipsometry for frequencies 6000-25000 cm −1 . Ellipsometric data were obtained and analyzed using protocols appropriate for orthorhombic crystals [22] . Optical constants were extracted from the reflectance data by Kramers-Kronig transformation, with Hagen-Rubens form for the low-frequency extrapolation. At high frequencies, the reflectance was extrapolated as a constant to 85000 cm −1 then decayed as ω −4 to 2.5 × 10 6 cm −1 (Ref. [23] ). This extrapolation ensured that the optical constants obtained from the Kramers-Kronig transformations agreed with those retrieved directly from the ellipsometric data in the overlap region. t
III. RESULTS AND DISCUSSION
A. Mass anisotropy Figure 1 displays the reflectance of WTe 2 in the infrared spectral range for the two polarizations. The smooth, featureless, room-temperature spectra develop a sharp edge as the temperature is lowered. The minimum in reflectance occurs near the screened plasma frequency ω *
2 /m * and * ∞ is the contribution to the dielectric function due to interband optical transitions [24] . Here m * is the effective mass, n is the carrier density, and e is the electron charge. At 10 K, this reflectance edge occurs at approximately 600 cm −1 for incident radiation polarized along the crystallographic a axis (along the W chains [2] ; top panel), while for light polarized along the b axis, the reflectance edge occurs around 440 cm −1 (bottom panel), yielding an anisotropy ratio ω * p,a /ω * p,b ∼ 1.3. This anisotropy may reflect differences in both the effective masses and * ∞ . Therefore, in order to determine the mass anisotropy, the dielectric functions must be fitted directly.
The dielectric functions calculated from Kramers-Kronig analysis of the 10 K reflectance in Fig. 1 are plotted in Fig. 2 , exhibiting the expected zero crossings at the screened plasma frequencies ω * p,a ≈ 600 cm −1 and ω * p,b ≈ 440 cm −1 . Density functional theory calculations [2, 14, 21, 25, 26] , ARPES [5, 27, 28] , and quantum oscillations measurements [6, [29] [30] [31] [32] all reveal that WTe 2 possesses at least four distinct bands crossing the Fermi level on each side of the point of the Brillouin zone [two electron pockets and two hole pockets along the -X high symmetry direction; see Fig. 5(a) ]. Therefore, following a previous report [21] , we fit our low-temperature data with two Drude components, which we interpret as corresponding to electron carriers and hole carriers. The dielectric function used to model the data shown in Fig. 2 is given by [21] Here ω p,j are the free carrier plasma frequencies, τ j are the free carrier scattering times, p,k are the oscillator strengths for phonons and/or interband electronic transitions, ω 0,k are the phonon and/or interband transition energies, and γ k are the half-widths of these transitions.
The bare plasma frequencies extracted from fits to Eq. played in the top panel of Fig. 3 . The plasma frequencies only weakly depend on temperature as compared to more familiar semimetals such as bismuth [33] and graphite [34] . The anisotropy ratio ω p,a /ω p,b approaches ∼1.5 at low temperature. Since the square of the plasma frequency is inversely proportional to the effective mass, ω 2 p ∝ 1/m * , these values provide access to the effective mass anisotropy for the two crystal axes. The extracted mass anisotropy ratio
2 changes by ≈35% upon cooling from room temperature to 10 K (lower panel of Fig. 3 ). This may reflect the sensitivity of the band structure to changes in lattice constants [13] , shift of the chemical potential with temperature [5, 27] , or thermal population of bands nearby in energy with different effective masses [35] . Additionally, η ab is approximately constant below 100 K. We did not detect significant anisotropy in the fitted scattering rates, which agree well with the values reported previously [21] .
The mass anisotropy and modest temperature dependence we obtained from the fits contrast sharply with the strong temperature dependence observed in the ac mass anisotropy extracted from the angle-resolved magnetoresistance measurements of Ref. [36] . In that work, the out-of-plane mass anisotropy η ac was inferred to be near 2 at high temperatures and to approach 5 at low temperatures, with a sharp turn-on around 50 K. The difference in magnitude of the anisotropy for in-plane masses versus out-of-plane masses is expected from the crystal structure of WTe 2 . While the ab plane is composed of a distorted triangular lattice with quasi-1D chains, the covalent bonds along the b-axis (perpendicular to the chains) are still stronger than the interplane van der Waals bonds along the c axis [17] . This is also reflected in the Fermi surface extracted from first-principles calculations and quantum oscillations, as discussed below. The stronger temperature dependence of η ac may reflect the fact that the c-axis lattice constant depends more sensitively on temperature than the in-plane lattice constants [13] . Additionally, the different dispersions along distinct axes influence how changes to the chemical potential alter the effective masses, contributing to the different temperature dependence observed for η ab and η ac .
We compared the measured plasma frequencies to those calculated from density functional theory and measured by quantum oscillations [30] . Our density functional theory-based calculations were performed using the generalized gradient approximation, including spin-orbit interaction [37, 38] (GGA+SOC, this work; see Supplemental Material of Ref. [21] for details of the calculations), yielding ω p,a ≈ 6000 cm −1 and ω p,b ≈ 3700 cm −1 , reproducing the experimental results well (Table I ). This close match between calculated and measured plasma frequencies indicates that electronic correlations do not strongly influence the electrodynamics in WTe 2 [18, 19] . To compare to quantum oscillations, we used k F reported in Ref. [30] and in-plane cyclotron masses from the Supplemental Material of Ref. [27] . We further approximated the dispersion as parabolic to obtain plasma frequencies ω p,a ≈ 5800 cm −1 and ω p,b ≈ 4000 cm −1 , in good agreement with our low-temperature measurements. We note that the results from quantum oscillations are consistent with our measured η ab ∼ 2, as well as η ac ∼ 5 reported in Ref. [36] .
B. Interband transitions
We also extracted the optical conductivity from our data as σ (ω) = −2πiω[ (ω) − ∞ ]/Z 0 , with Z 0 ≈ 377 the impedance of free space, to compare with first-principles calculations [38] . The experimental data with Drude contributions subtracted are shown in Fig. 4 (blue lines) , revealing a sizable anisotropy in the strength of interband transitions for the two axes. Below 12000 cm −1 , the absorption is stronger along the a axis, but the b-axis conductivity dominates above this frequency until they finally merge at ∼20000 cm −1 . We plot the results of our ab initio calculations as black dashed lines in Fig. 4 . Remarkably, the experimental conductivity is extremely well reproduced by the calculation. As noted in Ref. [21] , the interband conductivity appears to grow approximately linearly with frequency. Our polarized measurements reveal that this behavior is especially pronounced along the a axis. This is the expected behavior for Dirac and Weyl semimetals [40] [41] [42] [43] [44] [45] [46] [47] [48] . The calculations presented in Refs. [8, 13] , however, reveal that the Weyl points in WTe 2 lie well above the Fermi level. Optical measurements probe transitions from filled states to empty states, so our measurements are not sensitive to transitions between Weyl cones. Instead, they are only sensitive to transitions from topologically trivial occupied bands to both topologically trivial and nontrivial unoccupied bands. Additionally, the energy separation for direct transitions between upper and lower Weyl cones is expected to be ∼5-10 meV (40-80 cm −1 ) [8, 13] , which overlaps with the free carrier response and is below our experimental low-frequency cutoff. This energy separation also implies that transitions from trivial to nontrivial bands would lie within a narrow frequency range, making a negligible contribution to the measured conductivity. It is thus likely that the observed interband conductivity can be fully accounted for by transitions between topologically trivial bands.
To elucidate the origin of the measured optical response, we decomposed the interband conductivity into contributions from different bands near the Fermi level. The results of the calculations are presented in Figs. 5(c) and 5(d) . In these panels, the five strongest low-energy interband transitions are colored and offset by 500 −1 cm −1 for clarity, with the full interband conductivity shown as black lines. For the remaining contributions to the interband transitions, each thin gray line represents the sum over all transitions originating from the same initial band. The relevant band dispersions along the -X direction are shown in panel (b), and the five strongest transitions are shown in a simplified energy diagram in panel (e). Here, the color of the initial and final energy levels corresponds to the bands in panel (b) and the arrow colors match the colors of the conductivity contributions in panels (c) and (d). These results demonstrate that the interband conductivity in WTe 2 , including the approximately linear region, is composed of dozens of trivial band-to-band transitions.
IV. CONCLUSION
We reported measurements of the anisotropic electrodynamics of carriers in the semimetal WTe 2 . We found an average mass anisotropy ratio of ∼2.2 for the a and b lattice directions at low temperature, in agreement with quantum oscillations measurements and first-principles calculations. This anisotropy ratio was found to exhibit moderate dependence on temperature. We also demonstrated that the interband conductivity can be understood as arising from numerous band-to-band transitions without invoking Weyl physics. These results serve as an important baseline to inform future optical measurements of other potential Weyl semimetals. In particular, our analysis reveals that caution must be exercised when ascribing linear frequency dependence of the optical conductivity to Weyl physics or to a superposition of many trivial interband transitions.
